Oxidation of guanine by reactive oxygen species and high valent metals produces damaging DNA base lesions like 8-oxo-7,8-dihydroguanine (8-oxoG). 8-oxoG can be further oxidized to form the spiroiminodihydantoin (Sp) lesion, which is even more mutagenic. DNA polymerases preferentially incorporate purines opposite the Sp lesion, and DNA glycosylases excise the Sp lesion from the duplex, although the rate of repair is different for the two Sp diastereomers. To further understand the biological processing of the Sp lesion, differential scanning calorimetry (DSC) studies were performed on a series of 15-mer DNA duplexes. The thermal and thermodynamic stability of each of the Sp diastereomers paired to the four standard DNA bases was investigated. It was found that, regardless of the base-pairing partner, the Sp lesion was always highly destabilizing in terms of DNA melting temperature, enthalpic stability, and overall duplex free energy. We found no significant differences between the two Sp diastereomers, but changing the base pairing partner of the Sp lesion produced slight differences in stability.
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Reactive oxygen species (ROS) and oxidative stress have been linked to a number of diseases, including cancer and neurological disorders. 1, 2 ROS can be produced endogenously during cellular respiration 1, 3 or by neutrophils, 4 as well as by exposure to outside agents such as ionizing radiation 5, 6 and certain transition metals. 7, 8 These species can oxidize DNA bases, with the reduction potential of guanine making it the most easily oxidized base. 9 The oxidation of guanine creates 8-oxo-7,8-dihydroguanine (8-oxoG, Figure 1A ), which can be further oxidized to a number of other lesions. These oxidative lesions can create mutations in the DNA, potentially leading to genotoxic effects. 10, 11 For example, 8-oxoG has been found in elevated concentrations in the brains of Parkinson's patients 12 and the blood of Alzheimer's patients, 13 while a reduced ability to repair 8-oxoG has been associated with head and neck cancer. 14 Other oxidative DNA base lesions have been detected in elevated concentrations in mice prior to the onset of colon cancer. 15 One product of the hyperoxidation of oxidation of guanine is the spiroiminodihydantoin (Sp) lesion ( Figure 1A ). This adduct contains two rigid, mostly flat 5-membered rings that are oriented roughly perpendicular to each other. [16] [17] [18] [19] [20] [21] [22] The chiral carbon at the spiro center in the nucleobase creates R and S enantiomers that become a pair of diastereomers when bonded to the furanose ring of DNA. The presence of the orthogonal rings as well as the ability to introduce different stereochemistry give this lesion a unique structure that has the potential to greatly impact both the stability and biological processing of duplex DNA.
The Sp lesion has been shown to significantly affect genomic integrity in a number of studies. Kornyushyna et al. showed that the Klenow fragment of E. coli DNA polymerase I incorporates dAMP and dGMP, but not dCMP opposite the Sp lesion. 11 The Sp lesion blocked DNA elongation and affected Klenow's proofreading ability. 11, 23 They suggested that the proofreading efficiency of the enzyme may depend upon the thermodynamic stability of the lesion containing duplex. 23 In another study, when Sp modified bacteriophage DNA was transfected into E. coli cells, the lesion was bypassed efficiently enough during replication to produce progeny phage. 10 The mutation frequency for both Sp diastereomers was ~100%, at least an order of magnitude higher than what was observed with 8-oxoG. The stereoisomers are known to display different mutation spectra, with one study showing one Sp isomer generating 72% G to C and 27% G to T transversions, while the other produced 57% G to C and 41% G to T. 10 The Sp diastereomers also displayed different mutational signatures and responded differently to knock-outs of polymerase V in studies of the role of SOS inducible E. coli DNA polymerases in the bypass of oxidative DNA lesions. 24 Computational studies have suggested that the S-stereoisomer of Sp is less thermodynamically stable than the R-isomer due to steric effects in the larger context of duplexed DNA. 25 Both the hydrogen bonding and stacking interactions are optimized in duplexes where Sp is placed opposite a guanine or adenine, rather than the cytidine that is generally opposite the parent base guanine. It was conjectured that Sp acts as a pseudothymine or pseudopyrimidine in these cases, which would contribute to the high rate of G to T and G to C mutations observed with this lesion.
The recognition and repair of Sp lesions by base excision repair (BER) enzymes represents another critical component of Sp lesion mutagenicity. The Sp adduct is repaired by the E. coli glycosylases Fpg (MutM), Nth, and Nei; 26, 27 yeast enzymes yOGG1 and yOGG2; 28 and both murine and human NEIL1. 29, 30 Some of these enzymes, such as Fpg (MutM), Nth, Nei, and hNEIL1, exhibit preferences for particular base pairing partners, while others like yOGG1 and yOGG2 do not. In addition, studies have shown that the two Sp diastereomers can be distinguished by hNEIL1, which repairs one isomer much more quickly than the other. 30 In this work, the stability of both Sp diastereomers paired with the four standard DNA bases was examined in the context of a 15-mer duplex using differential scanning calorimetry (DSC).
These results demonstrate how changing the base pairing partner affects the thermal and thermodynamic stability of the Sp diastereomers, providing insight into the processing of this lesion by key biological enzymes.
EXPERIMENTAL PROCEDURES

Reagents
Oligonucleotides containing standard DNA bases were purchased from Integrated DNA 
Synthesis of the Sp Lesion and Annealing of Duplexes
The Sp lesion was synthesized by oxidizing an 8-oxoG containing oligonucleotide with sodium hexachloroiridate(IV) hexahydrate (Na 2 IrCl 6 •6H 2 O) according to literature procedures. 11 Briefly, the 8-oxoG containing oligonucleotide (12 µM) was reacted with 100 µM Na 2 IrCl 6 •6H 2 O in 10 mM sodium phosphate buffer (pH 7) and 100 mM sodium chloride. The reaction mixture was heated at 65°C for 30 minutes and quenched with 20 mM EDTA (pH 8.0).
After quenching, the reaction solution was desalted and concentrated by using Amicon Ultra
Centrifugal Filters (3K MWCO, Millipore).
The Sp oligonucleotide strands were purified on an HP Series 1100 HPLC by using a Dionex DNAPac PA-100 9 x 250 mm anion exchange column with a linear gradient from 60% mobile phase A (10% aqueous acetonitrile) and 40% mobile phase B (90% 1.5 M ammonium acetate, pH 6, 10% acetonitrile), to 100% of mobile phase B over the course of 30 minutes with a flow rate of 2.5 mL/min. 31 The two diastereoisomers of the Sp lesion eluted at approximately 20 (peak 1, Sp1) and 21 minutes (peak 2, Sp2), respectively. The two peaks were collected separately and desalted and concentrated by using Amicon Ultra Centrifugal Filters (3K MWCO, Millipore). The samples were characterized by ESI mass spectrometry.
Each of the Sp lesion oligonucleotide strands was annealed to its corresponding complementary strand before performing DSC experiments. The concentrations of singlestranded oligonucleotides were determined spectrophotometrically using molar extinction coefficients calculated with nearest neighbor parameters. [32] [33] [34] [35] Strands were mixed in a 1:1 ratio in sodium phosphate buffer (10 mM sodium phosphate, pH 7, 100 mM NaCl and 0.1 mM EDTA), heated to 90°C for ~5 min, and slow cooled to room temperature.
Differential Scanning Calorimetry (DSC)
Differential scanning calorimetry experiments were conducted on a Model 6300 NanoDSCIII differential scanning calorimeter (TA Instruments). A sample of each duplex (~50 µM) was prepared in sodium phosphate buffer (10 mM sodium phosphate, pH 7, 100 mM NaCl and 0.1 mM EDTA) and dialyzed (Slide-A-Lyzer MINI dialysis cassettes, 3K MWCO) against excess sodium phosphate buffer to equilibrate the buffer and sample solution. The concentration of each duplex sample was determined spectrophotometrically both before and after DSC analysis.
DSC samples were heat denatured by equilibrating them in the sample cell of the spectrometer at 75°C for at least 15 minutes. Absorbance readings at 260 nm. were measured, and the concentration of the duplex was calculated using the sum of the extinction coefficients for the two relevant oligonucleotide strands.
Solutions were degassed for ~10 minutes, and excess heat capacity (C p ex ) versus temperature curves were measured from 10 to 90°C with a heating/cooling rate of 1°C/min. For each sample, buffer versus buffer baseline scans were also determined under the same conditions. The 
RESULTS AND DISCUSSION
The sequence of the 15-mer oligonucleotide duplex used in this study is shown in Figure 1B .
The control sequence contains a central G:C base pair (G 8 :C 23 36, 37 Their findings were supported by Sugden et al. 38 However, Cadet's research group, using NMR methods, reached the opposite conclusion. 39 The Burrows lab has demonstrated that these results can be reconciled by including water molecules in the calculations supporting the ORD and ECD assignments, 40 and their results were consistent with the recent crystal structure of DNA polymerase β complexed with a DNA duplex containing an Sp lesion. 41 One thing that has become clear as various groups have studied this issue is that that the order of elution for the Sp diastereomers changes based on the type of HPLC column used. With an ion exchange column or amino-silica column the S-Sp isomer elutes first, but the order switches when a Hypercarb HPLC column is used. 40 Following this most recent assignment, Sp1 would be the S isomer and Sp2 would be the R isomer. However, since we did not do a full digestion analysis to confirm the absolute stereochemistry of the Sp diastereomers in our oligonucleotides, the duplexes studied here are simply named Sp1 and Sp2 based on their elution order from the Dionex anion exchange column.
Effect of the Sp Lesion on the Thermal Stability of the Duplex
As expected based on our previous studies, the G:C control duplex had a melting temperature that was ~20°C higher than either of the Sp diastereomers paired with a C base. 42 In fact, all of the Sp containing duplexes showed a significant thermal destabilization, with melting temperatures at least 15°C lower than the control duplex. By comparison, the presence of an 8- Many studies have demonstrated that the presence of an Sp lesion significantly decreases the melting temperature of DNA, although the extent of this effect appears to depend on the sequence, length, and position of the Sp lesion in the duplex. Recent work with an 11-mer duplex containing a central Sp:C base pair showed that the melting temperature was similar for the two Sp diastereomers and decreased by ~30°C relative to the undamaged parent duplex,
indicating that this effect may be more severe in shorter duplexes. 43 In contrast, studies with 18mer template/16-mer primer duplexes with the Sp:C lesion located 3 base pairs from the end of the duplex found the melting temperature to decrease by only ~8-13°C depending on the DNA sequence context. 11 Changing Sp's base pairing partner from C to a purine base modestly increased the melting temperature of the duplex in our study. We have obtained similar results with other 15-mer duplexes whose DNA sequence is the same as that used here with the exception of the two bases directly flanking the lesion site ( Table 2) . A duplex containing a central TSpT sequence (instead of ASpA) yielded almost identical differences in melting temperatures to those reported here, indicating that flipping the A:T base pairs around the lesion site has little to no effect on the melting temperature as might be expected. However, when the central ASpA sequence was changed to CSpC, we found that the values of the melting temperatures for both the control and Sp lesions duplexes increased by a further ~5-10°C, suggesting that having C:G base pairs flanking the lesion site, with their additional hydrogen bond, may help to increase the thermal stability of Sp containing duplexes. With both of these different flanking sequences, we found that pairing the Sp lesion to a purine base increased the melting temperature by a few degrees.
Similar results have been observed with the 18-mer template/16-mer primer duplexes mentioned above in a G-C rich sequence, although in an A-T rich sequence only the melting temperature of the Sp:A duplex was increased, with the Sp:G sample having a melting temperature similar to the Sp:C duplex. 11
Effect of the Sp Lesion on the Thermodynamic Stability of the Duplex
In all of the DNA duplexes studied, the Sp lesion significantly reduced the thermodynamic stability of the duplex, consistent with previous studies. 42, 43 Overall we saw a increase in the free energy of duplex formation of ~5. and Sp:C duplexes. Figure 3 shows the DSC thermograms for the Sp1 and Sp2 diastereomers paired with C and A. Just as with the melting temperatures, there were no significant differences observed in the thermodynamic parameters of the two Sp diastereomers in any of the duplexes, in agreement with previous DSC studies. 43 Examination of the thermodynamic data in Table 1 reveals that the destabilization of the Sp lesion duplexes is enthalpic in nature. This destabilization is offset by an entropic stabilization, resulting in an "enthalpy-entropy compensation" that is seen in many biological systems featuring multiple, weak interactions [44] [45] [46] and is depicted graphically in Figure 4 . Our earlier work with the Sp2:C duplex also showed a significant thermodynamic destabilization of the duplex that was enthalpic in nature; however, the absolute magnitudes of the enthalpy and entropy values obtained for the Sp2:C duplex in that study are somewhat different from what was obtained here. 42 The reason for these differences is not entirely clear. One possible explanation is that the concentration of the Sp2:C duplex in the earlier study may have been less than initially determined; some sample may have been lost during the dialysis step before DSC.
In this work, the concentration of the duplexes was checked both before and after DSC analysis.
Reanalyzing that earlier data using a duplex concentration of ~30-35 µM instead of 50 µM yields values that are similar to the ones reported here.
Significance for Biological Processing
The goal of this study was to perform DSC studies to investigate whether or not thermodynamic differences between the Sp diastereomers paired to different DNA bases could provide insight into how the Sp lesion is processed by biologically important enzymes like DNA polymerases and glycosylases. We did not observe any notable differences in terms of the melting temperatures or free energies of duplex formation between the two Sp diastereomers for any of the duplexes studied. Earlier computational work had predicted a better hydrogen bonding network with R-Sp than with the S stereoisomer, suggesting that R-Sp might display a greater stability in our DSC studies. 25 We did not find this to be the case, and in fact, Khutsishvili et al. recently found a similar result with 11-mer duplexes containing the Sp lesion. 43 Thus, it appears that even though the two Sp isomers are repaired at different rates by DNA glycosylases, 30 this disparity does not stem from differences in either the thermal or thermodynamic stability of the lesions in DNA.
Overall, our results demonstrate that the Sp lesion is more stable when paired with a purine than with a pyrimidine. These results are consistent with findings from computational studies that suggested that the Sp lesion may act as a "pseudothymine" stabilizing pairing with G or A over C. 25 Experiments with the Klenow fragment of DNA polymerase I that found that the Sp lesion was paired primarily with G or A. 11, 23 It is possible that the additional thermal or thermodynamic stability obtained by pairing Sp with a purine is a factor in this enzymatic preference that leads to the types of mutations observed with this lesion. Interestingly, the rate of Sp's repair by the DNA glycosylase hNEIL1 is influenced by its base pairing partner, with more efficient repair occurring when Sp is opposite T, C, or G than when paired with A. 30 In that work, the authors suggest that "less stable base pairing of the hydantoin lesions with T relative to G and A may translate into . . . more facile recognition and excision by hNEIL1." Our results provide direct evidence that Sp:purine base pairs are indeed more thermodynamically stable than Sp:T pairs, which may influence the ability of DNA glycosylases to identify and repair these harmful oxidative base lesions.
Finally, while having Sp paired to a purine proved to be the most stable arrangement, our results showed that Sp:T pairs were consistently more stable both thermally and thermodynamically than Sp:C pairs. This result is consistent with previous thermodynamic studies where TT mismatches in DNA duplexes were found to be more stable than CC mismatches. 44, 47 The increased stability of the TT mismatches has been attributed to their ability to form two hydrogen bonds, whereas CC mismatches are only able to form one. 44 If Sp is able to act as a "pseudothymine" then it may be able to form two hydrogen bonds when paired with a thymine base, thus creating more stability than when it is paired to a cytosine, as we observed.
Conclusion
In summary, the results of these studies and others reveal that the Sp lesion is always highly destabilizing to the DNA duplex. There do not appear to be any significant differences between the thermal and thermodynamic stabilities of the two Sp diastereomers, but the base pairing partner of the Sp lesion can impact the amount of destabilization in the duplex. In general, paring the Sp lesion with a purine serves to increase the thermal and thermodynamic stability of the duplex, perhaps influencing to how these lesions are processed during biologically important events like DNA replication and repair.
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